Background
Cell therapy has emerged as a new treatment method for cardiac tissue repair. Skeletal myoblasts possess several optimal qualities for cellular transplantation, including easy harvest, autologous use, and resistance to hypoxia. Experimental and clinical studies have shown that skeletal myoblasts can engraft in postinfarction scars, differentiate into myotubes, and improve heart function [1, 2] . The first, larger randomized clinical study, the MAGIC trial, showed no improvement in primary end-points, which brought basic monolayer myoblast cell therapy to an end [3] . This study forced us to set our sights on cell modifications and engineering.
Thermoplate-based cell sheet engineering is a technology in which sheets can be constructed in temperature-responsive, polymer-grafted cell-culture dishes, which release the confluent cells from the dish surface at less than 20°C [4, 5] . Sheets can be placed topically on the myocardium ( Figure 1 ). This delivery system resolves problems related to the intramyocardial injection of the cells [6] . This method maintains cell-cell interactions and is preferred over an artificial tissue-engineered scaffold because it does not raise material-related issues of biocompatibility, biodegradability, or cytotoxicity. The cell sheet structure preserves intercellular communication junctions, and the extracellular matrix deposited by the cells themselves is the adhesive agent [7] . Using culture surfaces covalently grafted with this temperature-responsive polymer poly (N-isopropylacrylamide), cell sheets can be harvested by a simple temperature change and can be layered upon each other to improve the desired effect [8] .
Improvement of graft cell survival after skeletal myoblast transplantation is a major concern. When developing 3-dimensional cell constructs, it is of utmost importance to generate vasculature for survival of the graft. Heat shock proteins (HSPs) protect cells during various stress conditions [9] , and their apoptosis-blocking properties have an important function in cyto-protection. HSP70/72, one of the most studied subtypes of these chaperones, is well known to be up-regulated by heat shock pretreatment of mammalian cells [10, 11] . Heat shock (HS) has served as a pre-conditioning method prior to myoblast transplantation [12, 13] . It has been suggested that by using HS as a preconditioning method, there is no need to modify the cells genetically before their transplantation. However, it is unknown how the HS affects the angiogenic capacity of the myoblast sheet.
Myoblast sheet implantation has been shown to improve cardiac function by attenuating cardiac remodeling and metabolic recovery in the impaired myocardium by paracrine effects [4, 13] . In this study, we investigated the angiogenic effects of HS treatment in the myoblast sheet. We induced HS by incubating the sheets at 42°C for 45 minutes and noted its effect by the expression of heat shock protein 70/72 (HSP70/72). Subsequently, we tested the sheet in vitro and in vivo in a rat model of acute heart failure.
Material and Methods

Antibodies and reagents
Anti-HSP70/72 (Stressgen, Victoria, BC, Canada), anti-PC-NA (Neo Markers, Fremont, CA), anti-actin (Santa Cruz Biotechnology, Inc, Santa Cruz, CA), anti-caspase-3 specific for the active cleaved fragment (Cell Signaling Technology Inc, Danvers, MA), Alkaline phosphatase (AP)-conjugated secondary antibodies, anti-mouse IgG, and anti-rabbit IgG were from Promega (Madison, WI), and the AP-conjugated anti-mouse IgM was from Jackson ImmunoResearch Europe Ltd (Soham, UK).
Myoblast cell culture
The L6 rat myoblast cell line (CRL-1458, Manassas, VA) from the American Type Culture Collection was cultured in growth medium (GM): DMEM supplemented with 10% fetal calf serum (FCS) (Gibco, Paisley, Scotland), antibiotics (antibiotic-antimycotic: penicillin 100 µg/ml, streptomycin sulfate and 0.25 µg/ml amphotericin B as Fungizone, Gibco). Cells were used at passages 5 to 15.
Sheet formation and heat shock
The cell sheets were made as described earlier [4] . Briefly: 6 million L6 myoblasts were seeded in temperature-responsive culture dishes (Cell Seed Up Cell). After 24-hour incubation, the cell sheets were harvested by temperature changes from 37°C to 20°C. Prior to transplantation, L6 cell sheets 
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VEGF-A secretion of myoblast sheets
VEGF-A protein secretion from heat shock-conditioned and non-conditioned sheets was determined from growth medium after 24, 48, and 72 hours in hypoxia with a rat VEGF DuoSet ELISA kit (R&D Systems, Minneapolis, MN) according to manufacturer's instructions.
Animal population
This acute myocardial infarction rat study model used 60 male Wistar rats (326±11 g). 
Myocardial infarction
The LAD coronary artery was ligated as described [14] ; the same operation included myoblast cell sheet transplantation. Briefly, rats were anesthetized with 0.05 mg/kg of medetomidine (Orion Pharma Inc, Turku, Finland) and 5 mg/ kg i.p. ketamine (Parke-Davis, Barcelona, Spain). Animals were intubated and remained under mechanical ventilation during surgery. The heart was exposed through a left thoracotomy. LAD was ligated at the lower border of the left atrial appendage. Immediately after LAD ligation, 2 myoblast sheets (total 1.2 10 7 cells) were placed on the left ventricular anterior wall. Each animal received either conditioned or non-conditioned sheets. Cell recovery time after HS preconditioning prior to transplantation was 5-10 hours. Anesthesia was antagonized after the surgery (atipamezole hydrochloride 1.0 mg/kg s.c., Orion Pharma, Inc.), and the animals were allowed to recover. Buprenorphine hydrochloride (0.05 mg/kg s.c., Reckitt and Colman Ltd, Hull, UK) served as post-operative analgesia.
Echocardiography
All animals underwent echocardiography under medetomidine anesthesia (0.5 mg/kg) at 3 (baseline), 10, and 28 days after surgery with a 7.5 MHz transducer (MyLabR25, Esaote SpA, Genoa, Italy). Anterior wall thickness was measured during end-systole (AWTs) and end-diastole (AWTd), as was posterior wall thickness during end-systole (PWTs) and end-diastole (PWTd) phases. Left ventricular internal diameter at end-systole (LVDs) and end-diastole (LVDd) were measured similarly in the short-axis right parasternal projection just between the mitral valve and papillary muscles. LVDd and LVDs served to calculate fraction shortening (LVFS) and ejection fraction (LVEF):
Histology and Immunostaining
At post-operation day 28, the rats underwent echocardiography and were euthanized. The excised heart was then and cut into 4 equal transverse parts. The 2 middle parts (next apex and next basal) were fixed in 4% neutral-buffered formalin for 48 hours. The samples were then embedded in paraffin and cut into 4-µm-thick sections. Immunofluorescent staining allowed identification of vascular structures and cell proliferation. To demonstrate vascular density, endothelial cells were stained with an antibody against von Willebrand Factor (vWF, AB7356, Millipore, Billerica, MA). Cell proliferation was evaluated with anti-Ki67 antibody (RM-9106-S1, Labvision Inc., Fremont, CA). Picric acid stain served to analyze fibrosis. The immunolabeled sections were examined under an Olympus IX81 fluorescent microscope. The vWFand Ki67-immunostained sections from each of the infarct and border areas were photographed with a microscope in 2 to 3 randomly selected microscopic fields at 20X magnification. Fibrosis was evaluated from scanned images of picric acid-stained sections. Percentage of fibrosis was calculated as picric acid-stained area divided by whole section area as evaluated by use of Image J / Photoshop 7.0 (Adobe Inc, San Jose, CA).
Statistical analysis
Data are presented as mean ±SEM. Statistical significance was determined using ANOVA and student T test. Differences were considered statistically significant at p<0.05.
Statistical analyses were performed with Graph Pad Prism 4.0 (GraphPad Software Inc., San Diego, CA).
results
HSP70/72 expression after heat shock preconditioning in normal and hypoxic growth conditions
The expression of HSP70/72 was used to evaluate the effectiveness of the heat shock protocol. After 24-hour incubation, the myoblast cell sheets were harvested by temperature changes from 37°C to 20°C and subjected to hyperthermia (+42°C for 45 minutes) in a water bath. Control cells were cultured under normal growth conditions. Under both growth conditions (normal and 1% O 2 ) HSP70/72 expression was strongly induced 24 hours after HS. Under normal growth conditions, HSP70/72 expression remained stable, but under hypoxia expression it significantly reduced within 72 hours (p<0.05 compared to controls, Figure 2A , B). Sheet formation itself induced no HSP70/72 expression (data not shown).
Sheet apoptosis, resistance to oxidative stress, and proliferation
We evaluated the expression of apoptosis and proliferationassociated proteins, caspase-3 and PCNA, in L6 myoblast sheets with and without HS pretreatment under normal and hypoxic growth conditions. Under normal growth conditions, there was no significant difference in caspase-3 expression between non-shocked and heat shocked cell sheets during 72 hours. However, in hypoxia the caspase-3 expression of heat shocked sheets was significantly lower (p<0.01) compared to No-Shock sheets after 24 hours, suggesting an anti-apoptotic effect of heat shock pretreatment. PCNA expression was higher (p<0.01) in heat shock pretreated cells under both growth conditions after 24 hours ( Figure 3A, B) .
VEGF-A secretion of myoblast sheets in hypoxia
To study the potential paracrine effect of heat shock-preconditioned myoblast sheets, we determined the secretion of VEGF under hypoxic conditions up to 72 hours. HS did not enhance L6 myoblast sheet VEGF secretion under hypoxic conditions. On the contrary, VEGF secretion was significantly lower (p<0.05) in heat shock-conditioned sheets than in nonconditioned (No-Shock) sheets during follow-up (No-Shock: 24 h 10 740±3 830 pg/ml, 48h: 12 390±1 242 pg/ml 72 h: 17 880±5 193 pg/ml and Heat-Shock: 24h: 6 660 ± 4 101 pg/ml, 48 h: 8 869±3 408 pg/ml, 72 h: 11 580±2 933 pg/ml) ( Figure 4 ).
Echocardiography
Of the total 60 rats included in the study, 13 died (mortality 22%). Seven animals were excluded due to lack of myocardial infarct in the pretreatment echocardiography. One animal died during the surgical procedure, 7 died immediately after the surgery while recovering from anesthesia. During the follow-up period 3 of the control rats dies, as well as 1 rat in the non-conditioned group and 1 rat in the HS preconditioned sheet group. There was no difference in cardiac functions between the groups. LVEF and LVFS of the L6-myoblast HS pre-treatment group decreased gradually until the end of the study, with almost in the same pattern as in the control group Figure 6A ).
Proliferation
The number of proliferating cells was assessed in infarct and border areas by immunohistochemical staining of the proliferation-associated nuclear antigen Ki67 from paraffin-embedded myocardial sections. Ki67-positive cells were detectable only in the infarct border area. The number of proliferating cells was significantly lower in the Heat-Shock-group when compared to Controls (p<0.05, Controls: 1.000±0.1925, No-Shock: 0.7917±0.3688, HeatShock: 0.33330±0.1361, Figure 6B ).
Fibrosis
To study whether myoblast sheet therapy can reduce the amount of fibrotic tissue after acute MI, we assessed the percentages of fibrosis in histology sections. Fibrosis was evaluated from scanned images of picric acid-stained sections. 
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great promise in heart regeneration [18, 19] . We studied the effect of HS preconditioning in myoblast cell sheets both in vitro and eventually in ischemic heart failure in vivo. The most valuable result contradicts the effect seen in monolayer cell HS preconditioning. In myoblast cell sheets, HS does not enhance their therapeutic effect in cell therapy. In fact, it may even limit the function of the cell sheet in vivo. We found decreased expression of VEGF in the HS pretreated sheets and the therapeutic effect of these sheets disappeared in the acute heart failure model with less vascular structures in the infarct border area. HS has a cell-protective effect in early stages after preconditioning, but hypoxic conditions also weaken HSP70/72 expression at 72 hours after HS, and eventually the HS-preconditioned sheets lack the myocardium-protective function seen in non-conditioned myoblast sheets.
The main effect of the myoblast cell sheet in ischemic cardiomyopathy is the reversal of left ventricular dilatation (ie, the remodeling process). This effect has been evident in several animal studies and also in right ventricular failure, where myoblast sheet therapy improved right ventricular diastolic dysfunction and suppressed fibrosis with increased capillary density [20, 21] .
The gene expression profile of the transplanted cells plays a key role in the paracrine effect, and also when sheet survival is assessed. A larger 3-dimensional structure requires blood supply in order to stay vital. The angiogenic properties of the myoblast sheet might play a significant role in its own blood vessel development and survival [22] .
Heat shock proteins, the best known endogenous factors, have an important function in cyto-protection with their apoptosis-blocking properties [9] . HSP70/72, the most studied subtype of these chaperones, is suggested to be the main factor of the endogenous pathways that limits the extent of myocardial damage in ischemia-reperfusion after cardiac surgery [23, 24] . HS treatment protects cells from apoptosis in vitro [25, 26] . Severe hypoxia has devastating effects on living organisms [27] . In our earlier work, heatshocked myoblasts maintained their differentiation capacity under hypoxic conditions [28] . To evaluate the usefulness of HS pretreatment for myoblast sheet therapy in vitro and in vivo, HSP70/72 served as a marker for the efficacy of the pre-treatment protocol. Our HS protocol was sufficient to increase HSP70/72 expression for at least 72 hours under normal growth conditions in vitro.
Myoblast sheet HSP70/72 expression remained stable in normoxia, but in hypoxia, HSP70/72 expression showed a notable decrease during 72 hours. At early stages, the HS-preconditioned sheets were better protected from apoptosis than were non-conditioned myoblast sheets in vitro.
When tested in vivo in rat ischemic heart failure, HSconditioned myoblast cell sheet therapy failed to improve Values represent mean ± SEM. * p<0.05 as compared to control group; ** p<0.05 as compared to L6-No-Shock group.
cardiac performance, whereas non-conditioned myoblast cell sheets were able to significantly increase the cardiac ejection fraction at the tenth day of follow-up. These non-conditioned group results are in line with our previous findings of improved cardiac parameters at the tenth day of echocardiography recordings with wild-type myoblast cell sheets [29] . Behind the improved cardiac function are paracrine effects inhibiting fibrosis and stimulation of angiogenesis. Skeletal muscle cells engage in large-scale production of cytokines and growth factors involved in cell migration, adhesion and proliferation-like HGF (hepatocyte growth factor), IGF (insulin like growth factor, FGF (fibroblast growth factor) and VEGF (vascular endothelial growth factor), which is an important cytokine in the process of vascular endothelial cell differentiation and maturation [30] [31] [32] [33] . Myoblast sheets have been shown to release more of these growth factors compared to injected cells [5] .
Because of the potential of cell sheet therapy, several attempts have been made to modify the cell gene expression profile to further improve the effect of the myoblast sheets. After AMI, the Bcl-2-overexpressing sheets survived longer on the infarcted myocardium, and they significantly improved cardiac function. L6-Bcl2 sheet transplantation reduced myocardial fibrosis and enhanced vascular density in infarct and border areas in a Wistar rat acute infarction model [29] .
However, our study's in vitro data showed a decrease in VEGF secretion in HS pre-conditioned myoblast sheets. This finding was supported by lower vascular density at the infarction border area. Furthermore, histological data showed no reduction in fibrosis, suggesting that the HS pre-treatment of the myoblast sheets provides no cardio-protective gain when compared to the non-conditioned sheet. In fact, the HS pretreated cell-sheet-group hearts behaved similar to the Controls.
HS has been shown to improve cell survival and engraftment when used in single-cell suspension [24] . In a study of Suzuki et al. the same L6 cell line was used. HS in single cell suspension demonstrated improved tolerance to hypoxia in vitro and significantly more HS-pretreated myoblasts were surviving when compared to the non-conditioned cells in vivo [34] . Myoblast sheets have different cell-cell communication status [5] and this might be the only reasonable explanation of the different response to HS in our study.
The sheet formation has been shown to protect cells per se and the sheet environment might change the cellular reaction to the HS. The lost therapeutic effect of the heatshocked sheets might also affect the hypoxic environment during and after the sheet implantation procedure. This reduces the HS protein expression, and the pre-conditioning loses effect. However, this only partly explains the phenomenon, because the heat-shocked sheets work significantly differently from non-conditioned sheets. We believe that the reason why heat-shocked sheets lose their therapeutic effect might be that HS-preconditioning of myoblast sheets disturbs cell-cell contacts and the extracellular matrix required for the cell signaling and cell sheet functioning.
Myoblast cell sheets may also face the host immunoreactions attributed to culture serum and other additives in cell cultures, thus having an effect on myoblast cell sheet survival. Host immunoreaction even comes into play, despite the autologous setting. In our study we used L6-myoblast cells that are originally from Wistar rats, but we still expect some immunoreactivity to be exerted by L6 myoblast cells in recipient Wistar rats. In spite of immunoreactivity, many studies have shown the functional effects attributed by cytokine and growth factors expressed by L6-myoblasts, discussed by Memon et al. [14] . However, this cell line has been used without these types of concerns several times for cell transplantation therapy previously [25] .
Heat shock treatment has been shown to improve graft cell survival of myoblasts when transplanted to injured tissue [25] . Combined with cell sheet transplantation, this could be a simple and safe method to achieve better survival of transplanted single cells. However, in this study, HS-preconditioning deteriorated the therapeutic effect of L6-myoblast sheet transplantation, with concomitant VEGF secretion and lower vascular density in the transplanted hearts. Since the pretreatment method evaluated in this study does not enhance the therapeutic potency of myoblast sheets, alternative methods need to be considered. Hypoxia preconditioning of mesenchymal stem cells have been shown to improve vascular and skeletal muscle fiber regeneration after ischemia [35] and also to up-regulate angiogenic cytokines in myoblasts [36] . In order to avoid the ethical and safety issues related to gene therapy, this could be the method of choice when developing myoblast sheet therapy.
conclusions
Taken together, these results suggest that heat shock protects myoblast sheets from hypoxia-associated apoptosis in vitro, but reduces VEGF expression of the sheet, leading to lesser therapeutic effect.
